We experimentally visualize the dissociative frustrated double ionization of hydrogen molecules by using few-cycle laser pulses in a pump-probe scheme, in which process the tunneling ionized electron is recaptured by one of the outgoing nuclei of the breaking molecule. Three internuclear distances are recognized to enhance the dissociative frustrated double ionization of molecules at different instants after the first ionization step. The recapture of the electron can be further steered to one of the outgoing nuclei as desired by using phase-controlled two-color laser pulses. Both the experimental measurements and numerical simulations suggest that the Rydberg atom is favored to emit to the direction of the maximum of the asymmetric optical field. Our results on the one hand intuitively visualize the dissociative frustrated double ionization of molecules, and on the other hand open the possibility to selectively excite the heavy fragment ejected from a molecule. DOI: 10.1103/PhysRevLett.119.253202 When exposed to strong laser fields, a wealth of fascinating phenomena are manifested in molecules such as the bond softening and hardening [1-4], the abovethreshold dissociation [5, 6] , the Coulomb explosion [7] [8] [9] , the directional bond breaking [10] [11] [12] [13] [14] [15] , and the chargeresonance-enhanced ionization (CREI) [16] [17] [18] [19] . Besides the ionization, there is a certain probability for the neutral atoms to survive in strong laser fields [20, 21] , where the detached slow electrons would be eventually recaptured into Rydberg orbitals [22, 23] . The Rydberg excitation plays important roles in the acceleration of neutral atoms [24] , the formation of low-energy structures of photoelectrons [25] [26] [27] , and the near-threshold harmonics generation [28] .
When exposed to strong laser fields, a wealth of fascinating phenomena are manifested in molecules such as the bond softening and hardening [1] [2] [3] [4] , the abovethreshold dissociation [5, 6] , the Coulomb explosion [7] [8] [9] , the directional bond breaking [10] [11] [12] [13] [14] [15] , and the chargeresonance-enhanced ionization (CREI) [16] [17] [18] [19] . Besides the ionization, there is a certain probability for the neutral atoms to survive in strong laser fields [20, 21] , where the detached slow electrons would be eventually recaptured into Rydberg orbitals [22, 23] . The Rydberg excitation plays important roles in the acceleration of neutral atoms [24] , the formation of low-energy structures of photoelectrons [25] [26] [27] , and the near-threshold harmonics generation [28] .
For molecules in strong laser fields, a liberated electron can be recaptured by the ejected ionic fragments [29] [30] [31] . Taking the double ionization of hydrogen molecules as an example, one of the tunneling ionized electrons may be recaptured by one of the outgoing ionic cores, leading to the dissociative frustrated double ionization (FDI) [29] , i.e.,
Although the dissociative FDI channels were generally observed for various molecules [32] [33] [34] [35] [36] , the most fundamental issues on when and where such process occurs stand yet experimentally unobserved. For the symmetric breaking of a doubly ionized diatomic homonuclear molecule, the recapture probability of the electron to two repulsive nuclei should be identical in general. The steering of the recapture of the electron to a desired ionic core, not realized yet, will open the possibility to selectively excite the heavy fragment into Rydberg states.
In this Letter, we real-time observe the dissociative FDI of hydrogen molecules by performing a few-cycle pumpprobe measurement in a reaction microscope. The photoionization created ionic fragment, the excited Rydberg atom, and the freed electron ejected from the same molecule, are measured in coincidence to unambiguously identify the dissociative FDI channel. Three internuclear distances of the stretching molecular ion are recognized to enhance the dissociative FDI at different instants. By finely adjusting the phase of a two-color laser pulse, the recapture of the tunneling ionized electron to one of the outgoing ionic cores can be steered. This allows us to selectively excite the ejected neutral fragment from a breaking molecule by using waveform-controlled ultrashort laser pulses.
As schematically illustrated in Fig. 1(a) , the measurements were performed in a reaction microscope of coldtarget recoil-ion momentum spectroscopy (COLTRIMS) [37, 38] . A linearly polarized femtosecond laser pulse (25 fs, 790 nm, 10 kHz) was either spectrally broadened in a gas-filled hollow-core fiber and afterwards temporally compressed to produce 7-fs few-cycle pulses for the pumpprobe experiment, or frequency doubled in a β-barium borate (β-BBO) crystal to generate a two-color pulse in a collinear scheme [39] for the steering of the electron recapture dynamics. The relative phase ϕ L between the fundamental wave (FW) and second-harmonic (SH) wave of the two-color pulse can be finely tuned by scanning the inset of a pair of fused-silica wedges. The laser pulses were afterwards focused onto a supersonic gas jet of hydrogen molecules (H 2 or D 2 ) in the COLTRIMS. The laser intensities in the interaction region were measured to be 6.4 × 10 14 W=cm 2 for the few-cycle pulses, and I FW ∼ 2.4 × 10 14 and I SH ∼ 0.42 × 10 14 W=cm 2 for the two-color fields, respectively. More details of the experimental method can be found in the Supplemental Material [40] .
For dissociative FDI of hydrogen molecules, the produced ionic fragment (H þ or D þ ) accelerated by the static electric field of the spectrometer (E s ∼ 12.7 V=cm) can be detected by the ion detector regardless of its ejection direction. However, the laser-created Rydberg atom (H Ã or D Ã ) can only be detected if it flies towards the ion detector and impinges on the microchannel plate (MCP) detector with an internal potential energy larger than the work function of the MCP [43] . Meanwhile, the freed electron accelerated by E s and guided by a weak magnetic field (B ∼ 11 G) can be detected by the electron detector at the other end of the spectrometer.
As shown in Fig. 2 (a), we identify the (H þ , H Ã ) pair by using the photoion-photoion coincidence (PIPICO) spectrum of the heavy fragments. Because of the absence of the acceleration by E s of the spectrometer, the neutral H Ã flies to the ion detector with the mere momentum gained from the dissociation and exhibits a much larger time of flight (TOF) (between 1400 and 5500 ns in our experiments) as compared to that of 
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253202-2 respectively. As shown in Fig. 2(b) , the H Ã has a momentum similar to that of the H þ but emits to the opposite direction. The geometrical acceptance for the detection of H Ã in our experiments is about 0.9π sr. Since only the H Ã having momentum closely parallel to the TOF direction of the spectrometer was collected, the measured yield ratio of ðH þ ; H Ã Þ=ðH þ ; H þ Þ ∼ 1% is underestimated as compared to the real events of the (H þ , H Ã ) generated in our experiment. As shown in Fig. 2(c) Fig. 2(a) , are related to the field ionization of Rydberg atoms [44] [45] [46] . As illustrated in Fig. 1(b) , the H Ã survived from E s (∼12.7 V=cm) of the spectrometer can be detected by the MCP detector either as H Ã or indirectly as H þ after the field ionization and acceleration by the electric field E i (∼1500 V=cm) between the mesh and MCP. Therefore, the E i -ionized H Ã arrives at the detector earlier and is detected as H þ to form the ðH þ ; H Ã Þ II ; while the survived H Ã without ionization by E i is recorded as the ðH þ ; H Ã Þ I . For a Rydberg atom with principal quantum number of n, the threshold of the static electric field for field ionization obeys the scaling law
7 for a hydrogen atom) [47] . By adjusting the strength of E i for fixed E s , we measured the E i -dependent ionization probability of the neutral H Ã , i.e., the yield ratio of the ionized portion and the initial Fig. 2(d) . Please note that this ratio is affected by the spontaneous decay of Rydberg atoms of low-n values on their way to the detector, which hampers the precise reconstruction of the initial distribution of n of the lasercreated Rydberg atoms. We estimated an upper limit of n ∼ 40 of the H Ã of the (H þ , H Ã ) pair produced in our experiments.
In the following we first used few-cycle pump-probe pulses to learn about the dynamics of the dissociative FDI and then used the phase-controlled asymmetric two-color pulses to steer the recapture of the tunneling ionized electron. As illustrated in Fig. 1(c) , the pump pulse frees an electron from the hydrogen molecule and launches a nuclear wave packet (NWP) onto the 1sσ g state of the molecular ion. The created NWP may up and down transit between the 1sσ g and 2pσ u states coupled by the laser field when it propagates outwards [48] . As the stretching molecular ion passes through the critical range of internuclear distance R c , the CREI of the molecular ion occurs by releasing the second electron. However, there is a certain probability that the freed electron is recaptured into Rydberg orbitals of one of the outgoing ionic cores driven by the time-delayed probe pulse. By tuning the time delay of the probe pulse [48, 49] , we real-time visualize the dissociative FDI of molecules. For instance, by tracing the delay-dependent kinetic energy release (KER) of the ejected nuclei, one may identify the time after the first ionization step and the internuclear distance of the stretching molecular ion at which the second electron is tunneled but eventually recaptured. To readily resolve the timedependent structure, D 2 is used as the target molecule in the pump-probe measurement for its relative slow vibrational motion. Figure 3 (a) displays the measured KER spectrum of the (D þ , D Ã ) channel as a function of the time delay between the few-cycle pump and probe pulses, where three distinct features can be distinguished. First, the (D þ , D Ã ) channel nearly vanishes around the zero time delay, but only becomes visible when the time delay is increased to τ ∼ 7 fs. It indicates that the dissociative FDI is favored at a large internuclear distance of the stretching molecular ion. This is consistent with the fact that the (D þ , D Ã ) channel is negligible in a single beam of few-cycle pulses in our experiment. Second, periodical stripes with an interval of ∼26 fs appear in the time-dependent KER spectrum, corresponding to the vibrational oscillation of the NWP on the bound state of the molecular ion. A portion of the NWP dissociates when it approaches the outer turning point of the bound sate and is afterwards field excited to produce the (D þ , D Ã ) channel by the time delayed probe pulse. Third, fine structures show up in each individual time-dependent KER stripe. The KER of the (D þ , D Ã ) maps the internuclear separation R at the instant of the excitation by the time delayed probe pulse. As indicated by the vertical arrows in Fig. 3(a) , the yield of the (D þ , D Ã ) channel is enhanced when the probe pulse arrives at around τ ∼ 16, 25, and 67 fs, which corresponds to the KER peaks around 6.3, 4.2, and 2.5 eV shown in Fig. 3(b) , respectively. Since the highlying Rydberg states are very close to the Coulombic Fig. 3(b) . By assuming KERðτÞ ¼ 1=RðτÞ þ E 0 , the corresponding internuclear distances of the stretching molecular ion for enhanced ionization are estimated to be R ∼ 4.9, 7.8, and 14.9 a.u., respectively. Here E 0 ¼ 0.7 eV is the initial kinetic energy of the NWP at the tunneling instant of the second electron, which equals to the measured KER of the bond softening channel in the same experiment.
Based on the knowledge of the dynamics of the dissociative FDI, we will now test the possibility to steer the recapture of the tunneling ionized electron to one of the outgoing ionic cores of the breaking hydrogen molecule, e.g., H 2 , by using a phase-controlled two-color laser pulse. As shown in Fig. 4(a) , the yield of the (H þ , H Ã ) pair oscillates as a function of the relative phase ϕ L of the twocolor pulse, which weakly depends on the KER of the heavy fragments. Since only the H Ã flying towards the ion detector could be measured in our experimental configuration, the yield modulation of the (H þ , H Ã ) pair stands for the directional ejection of the H Ã . For quantification, as shown in Fig. 4(b) , the directional emission of H Ã is calculated by the differentially normalized asymmetry parameter
where Nðϕ L Þ and Nðϕ L þ πÞ are the (H þ , H Ã ) yields at laser phases of ϕ L and ϕ L þ π, respectively. The positive or negative values of Aðϕ L Þ stand for the favorable emission of the H Ã towards or opposites to the ion detector. The amplitude of the asymmetric emission of H Ã is about 20%. The ϕ L -dependent asymmetry indicates that the laser created H Ã mostly emits to the direction of the maximum of the asymmetric optical field as schematically illustrated in Fig. 4(b) .
To unveil the ϕ L -dependent directional electron recapture leading to the asymmetric emission of H Ã , we traced the electron motion in the combined laser and Coulomb fields by performing classical trajectory Monte Carlo (CTMC) simulations [29] . In the scenario of the CREI [16] [17] [18] [19] , the electron in the up-field core is favored to overcome the narrow interatomic Coulomb barrier and released. In simulations, we put the electron ensemble weighted by the time-dependent Ammosov-DeloneKrainov rate in the middle of the two nuclei, and afterwards propagated the classical ensemble in the two-color laser and Coulomb fields [29] . Meanwhile, two nuclei move repulsively with an initial relative velocity of 0.02 a.u. and an initial internuclear distance of 8 a.u.. Finally, we collected electrons having energies in the range of [−0.1, 0] a.u., which were regarded as electrons in Rydberg orbitals, and calculated the asymmetric distribution on two nuclei with the same manner done in experiment. More details of the simulation method can be found in the Supplemental Material [40] . The calculated asymmetries of the directional emission of H Ã are shown in Fig. 4 (b) (red circles), which agree with the experimental measurement reasonably well.
The CTMC simulations allow us to get intuitive insights of the fundamental mechanism of the asymmetric electron recapture. For instance, at ϕ L ¼ 0, the electron tunnels out around the peak of the laser electric field. Figure 4(c) shows the probability of the electron recaptured by the nuclei as a function of the releasing time within the vicinity around the peak of an optical cycle. Partitioned by the vertical dashed line, the electrons emitting after the peak exhibit larger probabilities to be ultimately recaptured by the nuclei as compared to those emitting before the laser peak. The asymmetric distribution with respect to this vertical dashed line is due to the different Coulomb actions of the ion on the electrons emitting before or after the field maximum. The electrons released after the peak of the optical field will finally acquire a drift velocity in the þz direction, and these electrons are prone to be recaptured by the parallel-rather than the antiparallel-propagating nucleus. A typical trajectory of the recaptured electron is shown in Fig. 4(d) , in which the electron first moves to the down-field core, then surrounds the two nuclei, but finally orbits the þz-going nucleus with a radius around ∼100 a:u.
The here-observed directional emission of H Ã in the dissociative FDI of H 2 differs from the asymmetric electron localization in the dissociative single ionization of hydrogen molecules [10] [11] [12] [13] [14] [15] , where the asymmetry is governed by the mixture of two lowest electronic bound states having opposite parities. For the dissociative FDI of H 2 , the H created in the first ionization step is favored to be ionized by releasing the second electron around the critical internuclear distance of the stretching molecular ion. A portion of the freed electrons flying together with one of the outgoing nuclei will be recaptured into the Rydberg orbitals by the corresponding core to form H Ã . Depending on the correlation of the freed electron and the dissociative heavy fragments, the asymmetric formation of H Ã can be steered by controlling the phase of a two-color pulse, which, however, very weakly depends on the KER of the (H þ , H Ã ) pair as compared to the asymmetric electron localization [10] [11] [12] [13] [14] [15] .
In summary, we experimentally real-time visualized the dynamics of dissociative FDI of hydrogen molecules by using few-cycle pump and probe pulses, and meanwhile demonstrated the steering of the recapture of the tunneling ionized electron to a desired ionic core of the breaking molecule by using phase-controlled two-color pulses. Our results not only strengthen the understanding of the mechanism of the dissociative FDI of molecules, but also open the possibility to selectively excite the neutral fragment ejected from a breaking molecule. The present study will stimulate further investigations on the strong-field frustrated ionization of molecules for various applications. 
